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Abstract Sediment cores provide a valuable record of
historical contamination, but so far, new analytical
techniques such as high-resolution mass spectrometry
(HRMS) have not yet been applied to extend target
screening to the detection of unknown contaminants for
this complex matrix. Here, a combination of target, sus-
pect, and nontarget screening using liquid chromatogra-
phy (LC)-HRMS/MS was performed on extracts from
sediment cores obtained from Lake Greifensee and Lake
Lugano located in the north and south of Switzerland,
respectively. A suspect list was compiled from consump-
tion data and refined using the expected method coverage
and a combination of automated and manual filters on the
resulting measured data. Nontarget identification efforts
were focused on masses with Cl and Br isotope informa-
tion available that exhibited mass defects outside the
sample matrix, to reduce the effect of analytical interfer-
ences. In silico methods combining the software
MOLGEN-MS/MS and MetFrag were used for direct
elucidation, with additional consideration of retention
time/partitioning information and the number of refer-
ences for a given substance. The combination of all avail-
able information resulted in the successful identification
of three suspect (chlorophene, flufenamic acid, lufenuron)
and two nontarget compounds (hexachlorophene,
flucofuron), confirmed with reference standards, as well
as the tentative identification of two chlorophene conge-
ners (dichlorophene, bromochlorophene) that exhibited
similar time trends through the sediment cores. This study
demonstrates that complementary application of target,
suspect, and nontarget screening can deliver valuable
information despite the matrix complexity and provide
records of historical contamination in two Swiss lakes
with previously unreported compounds.
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Introduction
Sediment cores are useful to reconstruct environmental chang-
es over time, providing historic records of natural events,
changes in ecosystems, climate, and anthropogenic impact.
Thus, sediments can be suitable to reconstruct the environ-
mental contamination within a catchment as they provide
records of chemical deposition [1, 2]. Additionally, it is now
possible to use sediment cores or specimen banks to study the
fate and exposure of many organic contaminants that could
not be assessed in the past due to the lack of analytical
technology available.
Different methods have been developed for the analysis
of organic contaminants in sediments [2–5], and although
these methods have been shown to be sensitive and se-
lective, they aim to quantify and study only a small
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number of compounds. With the increasing number of
synthetic compounds produced annually [6, 7], generic
analytical techniques to measure a broader range of com-
pounds in a single study are becoming essential to over-
come the challenges in analyzing complex matrices that
contain many target and nontarget compounds at different
concentrations. The analysis of micropollutants in com-
plex matrices, e.g., soils, sludge, and sediments, can be
difficult since the presence of natural organic matter such
as humic acids and biomolecules can interfere with the
extraction and later on with the separation and detection
[8]. High-resolution mass spectrometry (HRMS) using
Orbitrap and time-of-flight (TOF) instruments is very
suitable for these applications due to the high resolving
power, mass accuracy, and sensitivity in full scan acqui-
sition [8, 9]. Generic analytical methods in combination
with HRMS have been proven to reliably screen molecu-
lar ions and their MS/MS fragments against a complex
sediment matrix background [1]. Since not all organic
contaminants can be captured by target analysis alone,
new approaches have been developed for the identifica-
tion of compounds in surface water and wastewater with-
out reference compounds using prior knowledge (i.e.,
suspect screening) or without any information (i.e., non-
target screening) [8, 10–15]. Ibáñez et al. [10] applied a
suspect screening approach by comparing experimental
data with a homemade spectral library containing 500
compounds. Moschet et al. [16] searched for all registered
pesticides in Switzerland in surface waters using the exact
mass followed by automatic filters for blank subtraction,
peak area, peak shape, signal-to-noise ratio, and isotopic
pattern with an overall success rate of 70 %. These ap-
proaches can help tentatively identify possible relevant
contaminants without purchasing and measuring hundreds
of reference standards in advance.
Structure elucidation can be achieved by applying a series
of steps including the prediction of molecular formula from
exact mass and isotope pattern match, followed by structure
search in databases, matching retention time (RT) andMS/MS
fragmentation [8]. Element information such as the presence
of Cl, Br, or S has been successfully used to restrict possible
molecular formulas due to their distinct isotope signal at M+2
[14, 17] and characteristic mass defect compared with natural
compounds [8, 18].
However, the identification of suspects and nontarget
compounds is still an analytical challenge since software
and methods to predict fragmentation patterns, ioniza-
tion behavior, and retention time are still under devel-
opment. Commercial software such as Mass Frontier
[19] and Mass Fragmenter [20] are available to predict
mass spectral fragments using different fragmentation
rules, but Mass Frontier, for example, does not contain
many rules for negative ionization. Wolf et al. [21]
combined in silico bond disconnection fragmentation
with compound database searching using KEGG [22],
PubChem [23], and ChemSpider [24] in the openly
accessible MetFrag. Other recent developments include
CFM-ID [25]. Furthermore, the lack of comprehensive
mass spectral libraries for high-accuracy MS/MS and
the limited comparability between collision-induced dis-
sociation (CID) and higher energy collision dissociation
(HCD) spectra make the identification of unknown com-
pounds more challenging. Recent contributions to the
open spectral libraries like MassBank [26], mzCloud
[27], and METLIN [28] are a step in the right direction.
Here, it was hypothesized that in silico methods for
structure elucidation and further exclusion steps based
on physicochemical characteristics and patterns, MS/MS
fragmentation, and ultimately confirmation with the pur-
chase of reference standards could facilitate the identi-
fication of nontarget compounds as has been shown for
GC-MS [29].
In a previous study, a multiresidue method for the
target screening of more than 200 compounds with a
broad range of physicochemical properties (log Kow 0–
12) was developed [1] and applied to identify target
compounds and screen for a few important suspects as
the first step to identify potential organic contaminants
that were not originally in the target list. The objectives
of this study were to extend this previous work, namely
(i) to explore suspect screening further using an auto-
matic filtering for over 800 compounds, (ii) to identify
nontarget compounds by performing in silico elucida-
tion and candidate selection or exclusion for peaks
with distinct negative mass defect, and thus, (iii) to
clarify whether the suspect and nontarget screening
methods could also be viable for complex sediment
matrices and thus provide records of historical contam-
ination in two Swiss lakes with previously unreported
compounds.
Experimental section
Details on the sources, preparation, and storage of target
reference standards and reagents are given in the Electronic
supplementary material (ESM) and elsewhere [1]. The
reference standards chlorophene, mefloquine, oxaprozin,
fenazaquin, lumefantrine, mianserin, flunarizine, p-
chlorocresol, lufenuron, flufenamic acid, and p-
chlorophenol (purity≥97 %) were purchased from Sigma-
Aldrich (Buchs, Switzerland), simvastatin (purity≥98 %)
from TRC (Toronto, Canada), and flucofuron and hexa-
chlorophene (purity≥97 %) from Dr. Ehrenstorfer (Augs-
burg, Germany).
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Sample collection and preservation
Sediment cores were taken from Lake Greifensee (47° 20′ 58″
N, 8° 40′ 49″ E) and Lake Lugano (45° 57′ 31.5″ N, 8° 53′
38.3″ E) located in the north and south of Switzerland, during
the summer of 2010 and 2012. Sediment core samples were
obtained using a free fall gravity corer and stored vertically in
the dark at 4 °C until analysis. Dating of the sediment cores
(∼1950–2012) was performed by counting annual laminations
and by using 137Cs signals from Chernobyl 1986 and atomic
bomb tests from 1963, as described elsewhere [1].
Liquid chromatography tandem high-resolution mass
spectrometric detection
Sediment samples were freeze-dried, extracted by pressurized
liquid extraction, and cleaned up by liquid-liquid partitioning
using a combination of acetonitrile, MgSO4, and NH4Cl as
reported elsewhere [1]. Detection of analytes was performed
with a linear ion trap Orbitrap (LTQ-Orbitrap-XL) and a
quadrupole Orbitrap (Q-Exactive) mass spectrometer (Ther-
mo Fisher Scientific Corp., USA). Electrospray ionization
(ESI) was performed using positive and negative ioniza-
tion modes in multiple independent injections to acquire
meaningful MS/MS spectra. Full scan accurate mass spec-
tra were acquired from 115 to 1,000 Da with a resolving
power of 60,000 referenced to m/z 400 and a mass accu-
racy of ±5 ppm. Data-dependent high-resolution product
ion spectra (DD-HR-MS/MS) were recorded at a resolv-
ing power of 7,500 for LTQ-Orbitrap-XL. Q-Exactive
spectra were acquired at a resolving power of 100,000
referenced to m/z 400 and a mass accuracy of ±5 ppm and
a DD-HR-MS/MS of 17,500.
Product ions were generated using HCD at collision
energies calculated for each analyte based on its mass.
In addition, CID was performed with a normalized
collision energy of 35 %, measured at low resolution
in the linear ion trap. Calibration standards, quality
controls, and quantification criteria used in the analysis
are reported in the ESM.
Limits of quantification (LOQ) were defined as the lowest
point of the calibration curve with a signal-to-noise (S/N) ratio
≥10 and with sufficient ions for MS/MS fragmentation. The
LOQ were then divided by a calculated matrix factor for each
compound and subsequently multiplied by the dilution of the
matrix sample. The matrix factor and calculated matrix effect
(%) for each analyte are reported elsewhere [1].
Suspect screening of contaminants and transformation
products
A suspect list of 838 contaminants was compiled from a
theoretical assessment based on consumption data, including
all registered organic synthetic insecticides, fungicides,
biocides, and acaricides, including all major metabolites
of the most commonly used insecticides and fungicides
in Switzerland [16] as well as important pharmaceuticals
used in Switzerland, Germany, France, and the USA
(Singer et al., in preparation) which were not yet in-
cluded in the target list. As only more hydrophobic
compounds were expected to partition into sediments,
the list of suspect compounds was narrowed to candi-
dates with predicted log Kow values higher than 1 using
VCCLAB software [30]. Further, suspect compounds
were eliminated if they were not likely to be ionized
by ESI using rules (presence or absence of functional
groups) as in Moschet et al. [16]. The complete list of
suspect compounds that were estimated to fall in the
domain of the analytical method is provided in ESM
Table S1.
Suspect screening was performed in sediment core layers
between ∼1950 and 2012 from Lake Greifensee and Lake
Lugano with the aid of ExactFinder 2.0 (Thermo Fisher Sci-
entific Corp., USA). The exact mass of the expected ion was
extracted from the HR full scan chromatogram using a mass
window of ±5 ppm. As ESI generally produces molecular ions
[M+H]+ or [M−H]− [31], suspect screening was performed
using these masses. Other adducts (e.g., NH4
+, Na+, HCO2
−,
and H3C2O2
−) were not included for simplicity. Due to the
difficulty of predicting ionization behavior, all suspected tar-
gets were screened in positive and negative ionization modes
to avoid losing compounds due to an incorrect prediction in
ionization at the beginning of the workflow. Blank subtraction
was performed using a sediment layer from ∼100 years ago
for each core, as contamination was not considered likely to be
present in these layers. Additional automatic filtering criteria
included peak area cutoff (≥104 in negative and ≥105 in
positive), S/N (≥50), peak score (≥0.45), and isotopic pattern
(≥50).
The output list of suspect candidates was then eval-
uated manually for correct isotopic pattern, S/N, peak
shape, and ionization in the positive and negative modes
(based on different functional groups and literature). A
RT match factor with a window of ±4 min was also
included in the analysis. Predicted RTs were obtained
using a linear correlation between the measured reten-
tion times and predicted log Kow values (RT=1.65×log
Kow+4.36) obtained from the 164 reference standards
used in the target analysis [1].
To obtain more information on suspect candidates,
samples were re-injected and measured at different col-
lision energies (HCD) of 15, 35, and 55 % for targeted
MS/MS fragmentation. MS/MS spectra were compared
with predicted MS/MS fragmentation using Mass Fron-
tier 6.0 [19] and MetFrag [21] using ChemSpider and
PubChem to perform compound database searches and
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in silico fragmentation for the molecular formula of the
suspect candidate. Unequivocal confirmation was only
possible if a reference standard was available; where
standards were available, the MS/MS spectra are saved
in MassBank (www.massbank.eu/MassBank/).
Nontarget screening of contaminants
Nontarget screening was performed in the most recent
layers (the last 10 years) and the most contaminated
layers of each core. The highest period of contamination
around ∼1980s for Lake Greifensee [1] and between
∼1970 and ∼1980s for Lake Lugano is clearly distin-
guishable from the other layers. A nontarget mass list
for each sediment sample was obtained using enviMass
1.2 [32], with peak picking performed using Formulator
(Thermo Fisher Scientific Corp., USA). Nontarget can-
didates were selected using an automated exact mass
filter with a window of ±5 ppm, followed by a back-
ground subtraction and recalibration of masses using
internal standards. A sediment layer (∼100 years ago)
within each core was set as a background sample to
eliminate matrix peaks. Additionally, background sub-
traction was performed using sediment core layers adja-
cent to the layers of interest with the aim to match the
sediment matrix as close as possible and to identify the
most relevant (intense) unknown masses. For example,
the layer corresponding to the 1990s (layer 2) was used
as a background and subtracted from the first layer of
each sediment core (the last 10 years).
Furthermore, the nontarget list was reduced by
selecting the top 10 most intense masses from each
sediment layer and the top 100 masses containing Cl,
Br, and S based on isotopic information obtained from
enviMass. Masses higher than m/z 600 were excluded
since most contaminants have lower molecular masses
(e.g., only 3 % of the target and suspect list was above
this mass) and because many of the high masses are
considered likely to belong to the sample matrix. The
nontarget list was reduced further by keeping candidates
containing mass defect between −200 and 0 mDa to
focus on molecular formulas outside the heavy matrix
domain. As for suspect confirmation, the final nontarget
candidates were re-injected and measured at different
collision energies (HCD) of 15, 35, and 55 % for
targeted MS/MS fragmentation; the reference spectra
are also available at www.massbank.eu/MassBank/.
Structure elucidation using the full scan and MS/MS
data was performed using MOLGEN-MS/MS [33] and
MetFrag using ChemSpider and PubChem. MOLGEN-
MS/MS was used with a mass accuracy of 5 and
10 ppm in the MS and MS/MS spectra, respectively,
checking for the existence of at least one structure for
the given formula (exist filter) and considering odd and
even ion species for fragments. Additional parameters
were adjusted to the individual cases and included ele-
ment restrictions (e.g., C, H, N, O, P, S, including Cl and
Br if halogen patterns were detected) and the ion species
(e.g., [M+H]+ or [M−H]−). MetFrag was employed using
the neutral exact mass (with mass error 5 ppm) or molec-
ular formula for candidate retrieval with the appropriate
ionization mode and charge, while in silico fragmentation
was performed using a combined relative mass error of
5 ppm and absolute error of 0.001 Da.
Results and discussion
Target screening of organic contaminants
Comprehensive target analysis is essential before suspect
and nontarget screening in order to clearly concentrate
on previously unknown compounds as shown by Krauss
et al. [8]. In Lake Lugano located in the south of
Switzerland, 16 of 200 target compounds were detected
with the most prominent substance classes correspond-
ing to musk fragrances, personal care products (PCP),
pesticides, and biocides, similar to the previously de-
scribed results for Lake Greifensee located in the north
of Switzerland [1]. In both lakes, the musk fragrance
tonalide, the biocides triclosan and triclocarban, and
the quaternary ammonium surfactants, congeners
benzyldimethyltetradecylammonium (BAC 14) and
didodecyldimethylammonium (DADMAC C12:C12),
show similar patterns with increasing concentrations in
the late 1970s, followed by a decline in concentrations
starting in the 1990s. The biocides irgarol, terbutryn,
and prometryn and a transformation product of the
musk fragrance galaxolide (galaxolidone) were detected
in the nanogram per gram dry weight to the picogram
per gram dry weight range with concentrations increas-
ing through the early 1990s and with the highest con-
centrations in the most recent layers. The biocide
propiconazole as well as the pesticides fludioxonil,
DEET, and the co-eluting compounds acetochlor plus
alachlor (isobaric; total concentrations reported) was
detected in layers of the past ∼10 years. The quantified
concentrations for all positive findings in Lake Lugano
are reported in Table 1. While little information was
available about the historical contamination of Lake
Lugano previously, it was known that the lake was
highly contaminated in the 1960s and 1970s [34], sim-
ilar to Lake Greifensee. The concentration range (pg/gdw
to ng/gdw) and contamination pattern in both lakes are
quite consistent.
7326 A.C. Chiaia-Hernandez et al.
Suspect screening
The detection of organic contaminants was expanded
beyond the target list to include 838 suspect candidates.
To compare the candidates with that of the complex
sediment matrix, a mass list for each lake sediment
was compiled using sediment core layers corresponding
to the ∼1950s for both lakes. The mass defect (mDa)
versus nominal masses (m/z) was plotted for the reten-
tion time window 10–15 min as shown in Fig. 1. For
most of the matrix ions (black dots), a slightly positive
mass defect is observed, increasing with the nominal
mass and consistent with natural compounds containing
C, H, N, and O atoms such as fatty acids, peptides,
polyphenols, carbohydrates, and humic acids. The sus-
pect compounds (red dots) generally fall in the same
domain as the sediment matrix, which increases the
presence of interferences during identification efforts.
Further, the matrix was more predominant in negative
compared with positive ionization, which is reasonable
as many natural compounds are acids.
The automated data processing with ExactFinder
(peak shape and intensity, blank subtraction, retention
time) allowed the elimination of an average of 80 %
possible suspect candidates, while visual inspection of
chromatograms reduced the suspect candidate list further
by 3 to 20 %. Suspects for which the intensity ratio of
the isotope pattern differed by more than 50 % from
the theoretical pattern were eliminated. In the absence
of a distinct isotopic signal, an intensity cutoff of 106
was performed to focus on the most prominent suspect
compounds, analogous to Moschet et al. [16]. As a last
step, candidates outside a predicted RT with a large
error window (±4 min) were eliminated despite the
limitations inherent in this method since large errors
in the predicted log Kow are involved, especially for
ionic compounds. However, in-house experience with
target analysis using different log Kow predictions dem-
onstrated that the target compounds fell consistently
within the RT window of ±4 min, which is also within
the boundaries of the 95 % prediction interval of the
linear correlation used [1]. This filter step was not
applied to suspect candidates that were expected to be
protonated or deprotonated under the analytical condi-
tions used.
In total, 27 of 839 exact mass matches were selected
for further analysis. The MS/MS fragmentation of the
selected candidates was acquired, and a score based on
the number and intensity of matching-predicted frag-
ments was obtained using MetFrag. Candidates with a
score of 0 (maximum value=1) and with 0 matching
fragments were not considered further. For the remain-
ing compounds, reference standards were purchasedTa
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where easily available (8 of 13 compounds), as illus-
trated in Table 2.
The biocide chlorophene was detected in both lakes
and tentatively identified using MetFrag with four
matching fragments in the MS/MS spectrum with a
score of 0.987 and finally confirmed with a reference
standard (Table 2 and ESM Fig. S1). The pattern of
chlorophene in both lakes shows the highest input in the
∼1980s and ∼1990s for Lake Greifensee and Lake Lu-
gano, respectively, as illustrated in Fig. 2. Additionally,
the pharmaceutical flufenamic acid and the pesticide
lufenuron were detected and confirmed by reference
standards in both lakes.
While the evaluation of experimental MS/MS spectra
with predicted MS/MS fragmentation using Mass Fron-
tier and MetFrag was certainly helpful for the exclusion
of candidates in the sediment matrix, confirmation of
the tentative candidates via reference standards was
shown to be important. The pesticide fenazaquin had a
MetFrag score of 1 (with seven matching fragments),
but the MS/MS of the reference standard did not match
the measured spectrum, with one main fragment absent.
Further, as three of the five unconfirmed suspect com-
pounds have a mass defect between 180 and 265 mDa
and thus fall into the matrix domain (Fig. 1), matrix
interferences may have resulted in additional peaks in
the MS/MS.
Nontarget screening
enviMass proved a useful first step for the identification
of nontarget candidates from samples with an average of
17,000±4,000 picked peaks, as background subtraction
and noise removal eliminated up to 60 % of these
picked peaks, shown in Fig. 3. Overall, maximal 2 %
of the picked masses were known (target compounds
and internal standards), while up to 52 % of the masses
remained unknown. For all sediments, the nontarget
candidates contained between 9 and 18 % peaks with
an isotopic pattern, 1–5 % with adducts, and around
80 % monoisotopic peaks (Fig. 3). As only a single
mass is available for monoisotopic peaks and these are
generally of low intensity, structure elucidation was not
attempted for monoisotopic peaks. While the results
were generally similar for negative and positive ioniza-
tion for both lakes, a higher percentage of unknowns
(52 %) were found for the negative mode in Lake
Greifensee. This could be explained by the stronger
Fig. 1 Mass defects (mDa) of Lake Greifensee and Lake Lugano sediment
matrix (black dots) in positive and negative ionization modes within the
retention time window of 10–15 min are plotted in the y-axis against
nominal (m/z) masses at the x-axis. Masses of suspect compounds are
plotted as red dots
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matrix observed in the negative measurements in Lake
Greifensee (Fig. 1), compared with the positive measurement.
As an exact match matrix blank subtraction was not possible
for this environmental sample, the high number of unknown
peaks could correspond to natural organic matter and macro-
molecule masses that were not present in the 100 year old
sediment layer. Additionally, more nontarget candidates con-
taining isotope signals associated with Cl, Br, or S were
observed in negative mode than in positive ionization. For
example, in Lake Greifensee, only 30 exact masses containing
Cl, Br, or S were found in positive ionization, while 740 were
in negative mode.
Fig. 2 Temporal resolution of suspect and nontarget compounds in sediments from Lake Greifensee and Lake Lugano
Fig. 3 Pie chart analysis of the most contaminated sediment layers
(∼1970s) from Lake Greifensee and Lake Lugano based on enviMass
outputs. Black, red, brown, green, and blue colors (shown at the top)
represent the percentage of internal standards, targets, background, noise,
and nontargets, respectively. Further nontarget analysis (shown at the
bottom) represents the percentage of monoisotopic, isotopic, and adduct
peaks displayed in gray, light blue, and dark blue, respectively
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Nontarget candidates with distinct isotope signals and
exhibiting mass defects outside the matrix distribution
(Fig. 1) were prioritized for further elucidation. The elucida-
tion efforts are demonstrated with two nontarget masses (m/z
402.8427 and 414.9846).
Nontarget compound 1
For the first nontarget compound, two molecular formu-
las were generated with MOLGEN-MS/MS restricted
using all information available to give a top match with
C13H6Cl6O2 (score 0.96). For this formula, 11 structures
were retrieved by MetFrag, which explained two to
three fragments with the proposed structures, with two
fragments common to all 11 candidates. MOLGEN-MS/
MS identified subformulas for four of the fragments
(Fig. 4). As all candidates were within the log Kow/RT
range, the nontarget candidates were arranged according
to the number of references in ChemSpider and
PubMed, shown previously to be very useful for the
identification of “known unknowns” [35], which would
be expected in historical sediments. Hexachlorophene
topped this list with 909 references in ChemSpider and
657 in PubMed and was finally confirmed by the pur-
chase of a reference standard as shown in Fig. 4. Hexa-
chlorophene has been detected in estuary sediments in
the USA [36], and although it is still in use as a
surgical hand scrub and a bacteriostatic skin cleanser,
there are only a few limited studies about its fate [37].
Nontarget compound 2
For nontarget compound 2, elucidation efforts using the mea-
sured m/z 450.9619 did not yield satisfactory molecular
Fig. 4 Chromatogram, isotopic pattern, and MS/MS fragmentation used
for the identification of the disinfectant hexachlorophene. The four frag-
ments circled in red were identified successfully by MOLGEN-MS/MS.
The three fragments marked in green were identified by MetFrag. The
standard fragments are circled in yellow
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formula or structural candidates. Exploring different adduct
options with MetFrag revealed many promising candidates
when considering the chlorine adduct [M+Cl]−. Consequently,
the corresponding [M−H]− exact mass, m/z 414.9846, was
searched in the chromatogram, revealing a more intense peak
(106 vs 105) with the same retention time and peak shape as
the chloride adduct. Furthermore, the fragmentation patterns
were similar, with the [M+Cl]− MS/MS showing one addi-
tional fragment (Cl loss) to yield the original compound ([M
−H]−), confirming the assumption of the adduct formation.
Although the formation of ion adducts in negative ESI has not
been widely reported in literature compared with positive ESI,
chloride adducts have been used to enhance ion abundances
after addition or contamination with solvents or salts, and
chloride adducts are reported to be one of the molecular ion
adducts often observed in ESI-negative mass spectra. This is
in agreement with our observations and the potential presence
of residual NH4Cl from the QuEChERS sample cleanup
[38–41].
The measured m/z, MS, and MS/MS spectra corre-
sponding to [M−H]−, as well as elemental restrictions
(C, H, O, N, Cl, F), were used in MOLGEN-MS/MS to
yield a top-scoring formula of C15H8Cl2F6N2O (score
0.96) as one of 140 possible formulas due to the pres-
ence of F. This formula was used in MetFrag to retrieve
five structures, where two had a score of 1.0, shown in
Fig. 5. The top 2 candidates varied only in the position
of a chloride within one of the benzene rings, with the
number of references indicating that the leftmost candi-
date in Fig. 5, flucofuron, was more likely (13 refer-
ences in ChemSpider). Confirmation was achieved using
a reference standard as shown in Fig. 6. While
flucofuron is not currently available commercially in
any mothproofing agents [42], it can still be detected
in sediments due to historical use. The temporal resolu-
tion of flucofuron and hexachlorophene in the sediment
cores is illustrated in Fig. 2.
The negative mass defects of hexachlorophene and
flucofuron, respectively, mean that these compounds fall out-
side of the sediment matrix. As shown in Fig. 1, this reduced
the number of interfering peaks in theMS andMS/MS (within
the isolation window of 1.5 Da), dramatically improving both
the MS1 isotope pattern match and fragmentation prediction
and assignment.
Fig. 5 Flowchart for the identification of themothproofing agent flucofuron. Criteria used for the identification is illustrated at each step, score values are
from MetFrag, Reference numbers from ChemSpider
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Detection of congeners and related compounds
The suspect and nontarget screening analysis revealed
two disinfectants from one substance class: chlorophene
and hexachlorophene. Based on these results, further
chlorophene and bromophene congeners were screened
in Lake Lugano and Lake Greifensee, yielding tentative
identifications of the biocides dichlorophene and
bromochlorophene. Bromochlorophene is very similar
to tetrachlorophene, with one Cl per aromatic ring re-
placed with Br in bromochlorophene. The presence of a
characteristic fragment (see ESM Fig. S2) gives addi-
tional evidence to support the presence of an isomer of
bromochlorophene, but reference standards are not avail-
able for all isomers and the fragmentation pattern did not
match completely with the one standard purchased. Both
compounds exhibited a similar temporal pattern to hexa-
chlorophene and chlorophene in Lake Greifensee and
Lake Lugano, respectively (Fig. 2). The results here
show that screening for related compounds, as for
chlorophene and its halogenated congeners, can also be
a successful suspect screening strategy.
Conclusions
The analysis of micropollutants in sediments is generally more
challenging than water samples due to the higher occurrence
of natural organic matter and biomolecules, which can inter-
fere with the analysis of organic contaminants. The strategy to
search for compounds with a clear isotopic pattern (Cl, Br)
and mass defects outside the prominent matrix mass range
facilitated the suspect and nontarget screening and was very
successful. The combination of MOLGEN-MS/MS and
MetFrag helped direct identification efforts toward
“known unknown” compounds and thus provide records
of the historical contamination of two Swiss lakes. In
total, three suspect candidates, two nontarget compounds,
and one congener of a suspect were confirmed with ref-
erence standards, while a further congener was tentatively
identified. The bias here toward halogenated compounds
is reasonable as many anthropogenic and potentially toxic
compounds in the environment contain halogens and thus
fall outside the sample matrix, but future research should
address also the challenges in identifying toxicants with-
out halogens in complex matrices.
Fig. 6 Chromatogram, isotopic pattern, and MS/MS fragmentation used for the identification of the mothproofing agent flucofuron
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